Abstract Recent advances in phylogenetic methods have produced some reassessments of the ages of the most recent common ancestor of hemagglutinin proteins in known strains of infl uenza A. This paper applies Bayesian phylogenetic analysis implemented in BEAST to date the nodes on the infl uenza A hemagglutinin tree. The most recent common ancestor (MRCA) of infl uenza A hemagglutinin proteins is located with 95% confi dence between 517 and 1497 of the Common Era (AD), with the center of the probability distribution at 1056 AD. The implications of this revised dating for both historical and current epidemiology are discussed. Infl uenza A can be seen as an emerging disease of mediaeval and early modern times.
Introduction
Infl uenza A was the cause of three pandemics in the 20th century, in 1918, 1957 and 1968 , associated with hemagglutinin serotypes H1, H2 and H3 respectively. The arrival of novel hemagglutinin serotypes in infl uenza A viruses infecting human populations is referred to as antigenic shift. Sixteen different serotypes of infl uenza A hemagglutinin are found in avian wildfowl, the major reservoir of the disease, and it is believed that zoonotic transfer from avian species, is the major mechanism for antigenic shift in mammals. In addition to the three serotypes introduced to humans in the 20th century pandemics, H5, H7 and H9 have also been found in human infl uenza A cases, although without extensive human-to-human transmission.
Serological, epidemiological and clinical evidence suggests that the pandemic of 1889 was also caused by infl uenza A, although hemagglutinin sequences remain to be isolated [1] . Prior to this, historical accounts are suggestive of possible infl uenza pandemics in 1173, 1510, 1557, 1580, 1729, 1781 and 1830 [2] . The present pandemic, declared by the World Health Organization on 11 June 2009, is of serotype H1N1 [3, 4] . However, it is apparent that this strain is of porcine origin and the H1 hemagglutinin is considerably different to that found in seasonally circulating strains of H1, being about 20-24% different at the amino acid level (cf. the 44-45% difference between H1 and H2) [5] . Although the present pandemic is therefore not technically an antigenic shift, it does represent the intrusion of a considerably novel hemagglutinin into human populations.
Saitou and Nei [6] initially estimated the most recent common ancestor (MRCA) of serotypes H1 to H13 at 200-300 years ago, using an amino acid replacement rate based on H1 (human), H2 (duck), H3 (human) and H11 (duck). Suzuki and Nei [7] later revised this fi gure upwards by one order of magnitude based on a recalibration of the molecular clock of hemagglutinin using 28 hemagglutinin sequences from duck hosts. In this new scenario, infl uenza A hemagglutinins evolve relatively slowly in their main aquatic wildfowl host reservoir, with bursts of faster evolution after entry of a novel hemagglutinin into humans via an antigenic shift. This issue has important implications for assessment of historical candidate epidemics. If extant hemagglutinin serotypes have a MRCA only a few hundred years old, then it is likely that candidate infl uenza pandemics of the Middle Ages did not involve hemagglutinin genes that would be recognisable today or may even have involved ancestral orthomyxoviruses rather than a true infl uenza A, and infl uenza A may be regarded as an "emerging disease" [8, 9] . By contrast, if the MRCA of extant serotypes is thousands of years old, all infl uenza pandemics of the past could have involved hemagglutinin serotypes similar to those found today. Infl uenza A would therefore be an established disease [10] . Recently, O'Brien et al. [11] have derived a radically shortened estimate of the MRCA of H3 and infl uenza B hemagglutinins of only 100 years, based on multiple assessments of substitution rate in triplet sets of H3, B and C hemagglutinin sequences. This implies that all the recent pandemics have effectively been due to novel hemagglutinins, and indeed that the viruses we currently recognise as infl uenzas A and B did not really exist as such prior to the turn of the 20th century. All previous pandemics, if they can be regarded as infl uenza pandemics, must therefore have been a result of a proto-infl uenza orthomyoxvirus.
This paper further investigates this reawakened controversy by application of the relaxed clock Bayesian approach of BEAST [12, 13] to reassess the dating of nodes on the hemagglutinin tree, then discusses the implications for the historical study of past pandemics and the prediction of future pandemics.
Materials and methods

Hemagglutinin sequences
Infl uenza A hemagglutinin protein sequences were downloaded from the NCBI Infl uenza Resource (http:// www.ncbi.nlm.nih.gov/genomes/FLU/). For the fi rst stage in the analysis, calculation of the MRCA of each individual serotype, sequences were obtained over a range of dates, balancing speed of analysis with suffi cient time depth to allow accurate estimation of the substitution rate. The range of numbers of sequences within each serotype was from 31 (H8) to 88 (H1), and the range of time depth was from 29 years (H13) to 66 years (H7). For H14, H15 and H16, only 2, 6 and 14 sequences were available respectively, so these were omitted from the fi rst stage. Initial analysis was carried out within each serotype to estimate the MRCA of that serotype. Then a selection of 4 to 6 sequences was taken from each serotype group for estimation of the MRCAs at deeper nodes on the tree. The MRCAs obtained from individual serotype sets and their 95% confi dence limits were used to calibrate this more extensive analysis.
Alignments and phylogenetic trees
Within individual serotypes, sequence alignment of the proteins is relatively straightforward and was carried out in MAFFT v.6.708 [14] (http://align.bmr.kyushu-u.ac.jp/mafft/ software) under default parameters. Sequence diversity was calculated using MEGA v.4.1 [15] (http://www. megasoftware.net). For the second stage in the analysis, when different serotypes are aligned, structure-assisted alignment was carried out in MOE v.2008.10 (http://www. chemcomp.com), using the following structures: 1RV0 (H1), 1RU7 (H1), 1JSM (H5), 2FK0 (H5), 1JSD (H9), 1EO8 (H3), 1TI8 (H7), 1HA0 (H3), 1RD8 (H1) from PDB [16] (http://www.pdb.org). Bayesian phylogenetic analysis was carried out in BEAST v.1.4.8 [12, 13] (http://beast.bio. ed.ac.uk). The Blosum62 model of amino acid substitution with a gamma-(4 categories)-plus-invariant distribution was used. The set of 15 duck hemagglutinin proteins from Saitou and Nei [6] was used in Bayes Factor analysis in BEAST to determine the best model (data not shown). A relaxed uncorrelated lognormal model was selected for the molecular clock with the population model set as a constant size coalescent.
Bayesian estimation was run to convergence, in all cases within 30 million generations, with tree sampling every 1000 generations. For each analysis, half of the trees were discarded as burn-in and the fi nal tree produced by summarization of the remaining trees (or the fi nal 5000 trees whichever was the greater number) and mid-point rooting. Table 1 shows the MRCAs for hemagglutinins of each serotype. H14, H15 and H16 could not be included in this initial phase owing to a lack of sequences. The range of the mean of the MRCA age distribution is from 1884 (H7) to 1958 (H8 and H12). In all hemagglutinin serotypes in avian hosts, with the exceptions of H7 and possibly H14-H16 (not assessed), the mean of the MRCA age distribution is within the 20th century. The 95% confi dence limits for the MRCA in all serotypes are quite tight. Leaving aside H14-H16 again, the widest ranges are for H3 at 95% confi dence intervals of , and H1 at 95% confi dence intervals of 1920-1973. The narrowest is H2 at 95% confi dence intervals of 1947-1957. The most variable serotype is H7 [15, 17] with an average of 0.11 substitutions per site in pairwise comparisons, after Poisson correction. The least variable is H8 with 0.021 substitutions per site. The correlation between estimated age of MRCA and the diversity of the serotypes is 0.71 (t-test of correlation signifi cant at p < 0.01), indicating that the oldest serotypes tend to be the most diverse.
Results
Most recent common ancestors (MRCAs) of individual hemagglutinin serotypes
Bifurcation dates in the phylogenetic tree of hemagglutinin serotypes
The phylogenetic tree for infl uenza A hemagglutinin sequences is shown in Figure 1 . Each node is dated at its mean age. In Table 2 , these ages are translated into dates and the 95% confi dence date intervals given.
Discussion
Comparison with previous studies
This is the fi rst application of Bayesian phylogenetic analysis across the full range of hemagglutinin serotypes. Previously, Smith et al. [18] used BEAST to analyse the origins of serotypes H1, H2 and H3. [7] , do not appear to have disturbed calculation of rates across the whole tree. Using the older method of estimation of molecular clock followed by regression analysis, Suzuki and Nei [7] estimated the MRCA of a sample of 6 avian and 6 avian-like swine H1 hemagglutinins to be 1965 with 99% CI of 1843-1977 and for a set of human, avian and swine H1 sequences the MRCA is at 1849 with 99% CI of 1660-1886. Bayesian analysis using BEAST therefore allows for far tighter limits on MRCA dating. Smith et al. also found that the uncorrelated exponential clock was the best fi t for their data set by Bayes Factor analysis whereas the present analysis found that uncorrelated lognormal was more likely.
Epidemiological implications
Infl uenza A hemagglutinin serotypes are all believed to be ultimately of avian origin, although some may have passed through intermediate hosts, principally pigs, on their route to humans. Therefore, study of the evolution of the virus is complicated by the fact that important evolutionary events such as lineage bifurcations may have taken place in more than one host species. However, in the absence of any strong indication to the contrary, the default hypothesis is to assume that most of infl uenza's evolution has taken place within its main reservoir, the aquatic wildfowl. The results presented here suggest that the MRCA of all extant infl uenza A hemagglutinin serotypes was approximately in the mid 11th century AD, with 95% confi dence limits of the early 6th century to the late 15th century. This does not mean that the process of diversifi cation within infl uenza A hemagglutinin only began at that point. It is possible that an ancestral form of infl uenza A, comprising extinct serotypes, existed in the more distant past. However, it does imply that prior to the early Middle Ages, infections of infl uenza A in the avian reservoir and also those that may have been zoonotically transferred to humans, did not involve serotypes known today. The symptoms of infl uenza infection are similar to those of many feverish respiratory diseases of both viral and bacterial etiology. Identifi cation of outbreaks of infl uenza from historical records is therefore inevitably a little conjectural. For instance, the "English Sweat" that caused high mortality and considerable social panic in north-western Europe from 1485 to 1551 had many of the symptoms of infl uenza, but has also been speculated to have been scarlet fever [19, p. 221] , anthrax [20] , an enterovirus [21] or an hantavirus [22] , all of which seem equally plausible on the basis of symptomology alone. The three pandemic events which contributed to the decline of the Roman Empire: the Antonine Plague of 165-180, the Plague of Cyprian of 251-266 and the Justinian Plague of 541-542 have been conventionally identifi ed as measles, smallpox and bubonic plague respectively [19, pp. 116-124] , but infl uenza has been recently suggested as a cause of both the Justinian Plague and the Black Death of 1346-1349 [23, 24] . The justifi cation for this is that the hemolytic and cytokine storm symptoms occurring in many individuals during the 1918 H1N1 infl uenza pandemic often led to the appearance of petechiae (skin eruptions) and bullae (lymphatic swellings), also seen in bubonic plague. Other epidemiological reasons have also been advanced in favor of infl uenza as opposed to bubonic plague, such as its rapid spread and spread into areas with relatively small rodent populations, but these factors could equally well favor other respiratory-borne diseases including the pneumonic variant of bubonic plague.
This study allows us to reconsider these hypotheses, informed by the molecular evolution of infl uenza A as calculated using Bayesian methods. The two earlier of the three major pandemics of the Roman world occurred prior to the 95% confi dence MRCA of known infl uenza A hemagglutinins. Therefore if the Antonine Plague or the Plague of Cyprian were infl uenza A, they would have involved extinct serotypes of hemagglutinin. The Justinian Plague of 541 is situated just inside the 95% confi dence limits for the MRCA (earliest date 517AD) and cannot therefore be excluded at this confi dence level. However, if infl uenza A were involved, it would have incorporated a highly ancestral form of hemagglutinin. The same applies to the Black Death of 1346-1349. Figure 1 shows that the initial bifurcation from the MRCA had not yet further bifurcated (mean dates 1389 and 1402 respectively - Table 2 ), so the lineages extant in the 14th century were most likely to have been ancestral H5/H2/H1/H12/H8/H9/H11/H16/H13 and ancestral H10/ H15/H7/H14/H4/H3. Since both of these are ancestral to at least one serotype known to infect humans today (H2/H1 and H3 respectively) there is no reason to exclude either lineage as a potential pandemic pathogen. This, of course, assumes that the mean is the correct date. If the oldest date of the 95% confi dence range is used, it is possible that fi ve bifurcation events had occurred before 1341 AD (Table 2) , the last of which would be the bifurcation leading to H1/ H2/H5 and H6. An ancestral H1/H2/H5 serotype might conceivably have been a potent pathogen. However, this hypothesis requires the use of divergence dates at the limits of their 95% confi dence ranges, and therefore must be considered to be far less likely.
Subsequent candidate pandemics [2] in 1510, 1557, 1580, 1729, 1780, 1830 and 1898 may be similarly assessed. Considering the mean node dates in Fig. 1 , by about 1868 (the date of the bifurcation of the lineages leading to H16 and H13), all currently extant serotypes of infl uenza hemagglutinin A were in existence in the avian reservoir. Of the 3 serotypes known to infect humans, H1 bifurcated with the ancestor of H2/H5 in 1748, H2 bifurcated with H5 in 1858 and H3 bifurcated with the ancestor of H4/H14 in 1704. One might therefore postulate that the four subsequent infl uenza pandemics of 1729 onwards were potentially H3, the three of 1780 onwards potentially H1 and the 1898 epidemic potentially H2. The three pandemics of the 16th century occurred at a time when the tree in Fig. 1 had only achieved four branches.
Such a reassessment of the ages of important evolutionary events in the history of infl uenza virus can thus help to clarify some of controversies concerning its historical occurrence. It will never be possible to prove the etiology of any ancient pandemic simply by examination of a phylogenetic tree, but it is possible to exclude certain hypotheses on that basis. The results presented here exclude infl uenza A as it is known today from being the pathogen in pandemics much before the early Middle Ages. Infl uenza A may conceivably be the pathogen of the Black Death, but if so it must have been a highly ancestral form of the modern serotypes, or possibly an extinct serotype.
Conclusion
This analysis of infl uenza evolution suggests that infl uenza A is a relatively recent pathogen in avian populations, gradually emerging in the mediaeval and early modern period. At any point in this process, it would presumably have been possible for infl uenza to have zoonotically transferred to humans. It may be noticed that the nodes on the hemagglutinin tree are temporally clustered (Table 2 ) with a group of four nodes having mean dates of 1672 to 1715 AD and a further group of fi ve having nodes of 1825 to 1868 AD. This may be a coincidental clustering due to stochastic cladogenesis [25] . However, since evolution within hemagglutinin lineages is generally regarded as being under strong selective pressures [26] , production of a selective or ecological explanation for the past activity in infl uenza A hemagglutinin cladogenesis and its absence since the late 19th century, is tempting. Two obvious candidates present themselves: climate change -the northern hemisphere "Little Ice Age" overlaps this period [27] ; or rapid population expansion in China from the mid-17th century onwards, and its associated expansion of avian agriculture. Global temperature fl uctuations may have disturbed avian migration patterns creating isolated populations where serotype divergence could occur. Likewise, farming practices may have similarly fragmented the gene pools of several wildfowl species, creating local conditions where infl uenza could rapidly evolve. Current slowing of population growth in the Far East and global warming from the end of the Little Ice Age to the present, might have marked the end of these processes in the 20th century. However, extant serotypes of infl uenza still pose considerable danger to human populations.
